Papua has been experiencing heavy logging activity in its forests for decades. However, only several studies focused on the effect of logging in the forest ecosystem. This research was aimed to analyze recovery processes of the forest ecosystem. The research was conducted in the logged tropical rainforest in South Papua using ecological approach which used tree communities as biotic and soil condition as abiotic indicators. Data were collected in the logging area of PT Tunas Timber Lestari located in the tropical rainforest of South Papua. There were five groups of forests used in this research i.e. unlogged, one year post selectively-logged, five years post selectively-logged, ten years post selectively-logged and fifteen years post selectively-logged forests. Thirty nested plots were laid on each forest group. Canonical Correspondence Analysis (CCA) was applied to analyze the understory and upperstory plant communities. Understory and upperstory plant communities formed different patterns due to logging. Plant communities in the ten and fifteen years post-selectively logged forests were not similar to those in the unlogged forest. Soil organic matter (SOM) content in the selectively logged forests was lower than that in the unlogged forest. These occurrences indicated that the selectively logged forests were still recovering and required more than fifteen years to be fully recovered.
INTRODUCTION
Tropical rainforests play an important role in ecosystem services, such as logging production (Whitfeld et al. 2014; Putz & Romero 2014) . The process of production mechanism in the tropical rainforest has a significant impact on abiotic and biotic elements (Zambrano et al. 2014) . Those conditions result in the change in the tropical rainforest as an ecosystem and some circumstances of the secondary successional process take place as a response to ecological alterations. Furthermore, most of the tropical rainforests are experiencing the alterations and the selective logging has a significant impact on ecological factors (Corrià-Ainslie . 2015; et al Flores . 2014 ). Hence, the logged tropical et al rainforests are counting on the ability of forest recovery itself. Most indicators to analyse forest recovery are based on tree density, basal area (Whitfeld . 2014; Rutten . 2015) and et al et al growth rate of residual trees (Do . 2016; et al Hoang . 2011; West . 2014; Sist . et al et al et al 2014; Susanty . 2015) in the logged forests. et al However, the recovery of disturbed forests should not only be considered based on sustainable timber production, but the ecological elements such as soil conditions and residual trees should also be taken into account as forest recovery indicators.
Some areas in lowland tropical forests in South Papua were intended as logging concession for decades (Kuswandi & Murdjoko 2015; Murdjoko 2013; Kuswandi 2014) . Few studies concerning the effects of logging in Papua logged forests were conducted. Some studies focused only on damages, changes in basal area (Gandhi & Mitlöhner 2014) , population dynamics of remaining trees (Murdjoko 2013 ; Kuswandi & Murdjoko 2015; Murdjoko 2016b ) and et al. biomass stock change (Hendri et al. 2012) . Therefore, it is necessary to analyze forest recovery using the ecological approach in South Papua. In this analysis, the primary forest was considered as a stable forest ecosystem (Pennington et al. 2015) .
Ecological approach took tree communities as biotic factors where many processes such as tree associations, ecological responses of the tree to ecological change as well as successional development can be analyzed based on patterns of tree communities. Besides that, soil condition alters after selective logging (Hattori . 2013 This research was aimed to analyze recovery process of selectively logged tropical rainforest ecosystem in South Papua using ecological approach. Our hypotheses were: 1. tree communities in a selectively logged tropical rainforest were considered to be recovered when tree communities in the rainforest were similar to those in the primary forest; 2. the selectively logged tropical rainforest was considered to be recovered when the edaphic indicators in the rainforest were similar to those in the primary forest.
MATERIALS AND METHODS

Study Area
Research was conducted in the logging area of PT Tunas Timber Lestari located in the tropical rainforest of South Papua with geographical position between 140 21` -140 59` E and 05 50` (Murdjoko et al. 2016c) were compared to the unlogged forest to observe the recovery process. The selective logging was carried out by selectively cutting commercial trees having diameter of ≥ 40 cm.
Sampling and Data Collection
Samples were collected in each forest group using systematic sampling plots. The first plot was placed at 200 m from the main road to avoid edge effect. The plots were rectangular with various sizes i.e. 1. 20 x 20 m for trees (D) having DBH (diameter at breast height) of ≥ 20 cm; 2. 10 x 10 m for poles (C) having DBH of 10 to < 20 cm; 3. 5 x 5 m for saplings (B) having height of > 1.5 m and DBH of < 10 cm; and 2 x 2 m for seedlings (A) having height of < 1.5 m. The four plots were set as nested plot (Fig. 2a) . Thirty 3,000 and 4,000 mm with daily moisture range of 75 -85 %. The edaphic condition was typified as lowland forest with almost flat topography with soil formed by alluvial process (Petocz 1989 (Murdjoko et al. 2016a) .
Five groups of forests were used in this research i.e. unlogged, one year post selectivelylogged, five years post selectively-logged, ten years post selectively-logged and fifteen years post selectively-logged forests. The unlogged forest was taken as a primary forest which was a stable forest ecosystem. The selectively logged forests nested plots were laid in each forest ( Fig. 2b ) making a total of 150 nested plots for the 5 forest groups (unlogged, one year, five years, ten years and fifteen years post selectively-logged forests). Seedlings and saplings were sampled as understory, while poles and trees were sampled as upperstory in both unlogged and selectively logged forests. Data collected from seedlings, saplings, poles and trees consisted of numbers of individuals, diameter of individuals for those having DBH ≥ 10 cm and species name of individuals. Species identification was carried out by two herbarium technicians. Unidentified samples were set as voucher specimens and sent to the herbarium of " Balai 
Data and Statistical Analysis
Canonical Correspondence Analysis (CCA) was applied to show the relationship among tree species using stem density and environmental factors (SOM, C, N contents and dry weight of litterfall) (ter Braak 1987; ter Braak 1986; Khairil et al. 2014) . Plants communities were grouped as: a) understory consisted of small individuals (seedlings and saplings); and b) upperstory consisted of large individuals (poles and trees). Tree communities were formed as a result of interaction among tree species, SOM, C content, N content, dry weight of litterfall and forest groups (unlogged, one year, five years, ten years and fifteen years post selectively-logged). The CCA was computed using R software statistical version 3.3.1.
(R Core with VEGAN package Team 2014; Oksanen 2013). The tree et al. communities were grouped using Euclidean distance among tree species The Euclidean . distance among tree communities was calculated as the average and confidence interval of 95%.
RESULTS AND DISCUSSION
Tree Communities
Total tree species in the study area were 163 species and classified as understory (159 species) and upperstory (127 species) ( Table 1) . Within tree species, there were 106 species consisted of both understory and upperstory. Table 1 Understory (a) and upperstory (b) tree communities formed due to logging activities Note: PF = unlogged forest; X1LF = one year post selectively-logged forest; X5LF = five years post selectively-logged forest; X10LF = ten years post selectively-logged forest; X15LF = fifteen years post selectively-logged forest; ALL = present in all forest groups; NON_AC = not associated Those species existed in each forest group (unlogged, one year, five years, ten years and fifteen years post selectively-logged). Patterns of tree communities were formed for each forest group, especially for understory mostly occurred after logging activities. Upperstory were mainly recruited from understory of remnant trees. Several upperstory species were present before logging activities occurred in the forests. Our study presented the results of understory and upperstory communities influenced by logging activities and edaphic conditions.
There were three patterns established in our study i.e. 1. tree species formed a tree community in a forest group; 2. tree species present in all forest groups; and 3. tree species did not form a community. Presence of certain tree species as understory in all forest groups was facilitated by ecological alterations, including logging activities. Several tree species existed in all forest groups indicating that those tree species were not influenced by ecological alterations.
Distribution of understory tree community was depicted using CCA having 55.34% of the variation for two axes; variation for axis 1 was 30% and variation for axis 2 was 25.34% ( Fig. 3 ; Table 2 ). ANOVA showed that the model was significant with < 0.05. p
239
Recovery of residual forest ecosystem: impact of selective logging -Murdjoko et al. Canonical Correspondence Analysis (CCA) grouped the understory tree species into four tree communities i.e. 28 species in the unlogged forest; 21 species in the one year post selectively-logged forest; 21 species in the five years post selectivelylogged forest and 17 species in the ten and fifteen years post selectively-logged forest (Table 1a) . Distribution of upperstory tree community was shown of having variation of two axes of 58.26% with 31.24% variation for axis 1 and 27.03% variation for axis 2 ( Fig. 4; Table 3 ). The CCA model was significant at p < 0.05.
Edaphic Factors
Interactions among SOM, C content, N Figure 4 Upperstory of four tree communities formed due to logging activities symbolized as grey (species grown in PF), green (species grown in X1LF), yellow (species grown in X5LF) and blue (species grown in X10LF-X15LF) Note: PF = unlogged forest; X1LF = one year post selectively-logged forest; X5LF = five years post selectivelylogged forest; X10LF = ten years post selectively-logged forest; X15LF = fifteen years post selectivelylogged forest; SOM = Soil Organic Matter (%); LF_C = Carbon content in litterfall (%); LF_N = Nitrogen content in litterfall (%); LF_DW = dry weight of litterfall (g) content, dry weight of litterfall and forest groups (unlogged, one year, five years, ten years and fifteen years post selectively-logged forests) were analyzed using CCA to figure out the fitting edaphic factors as the indicators of logged forest recovery. Results of CCA showed that SOM tended to be higher in the unlogged forest, dry weight of litterfall tended to be higher in the five years post selectively-logged forest and C content of litterfall was higher in the one-year post selectively-logged forest ( Fig. 3 & 4 ; Table 4 ). Based on this analysis, the ten and fifteen years post selectively-logged forests were still in the recovery process, indicated by lower SOM content in those two logged forests compared to the unlogged forest. In contrast, dry weight of litterfall tended to be higher in all logged forests. These results were not in line with research results obtained from logged Bornean rainforest, in which one year post-logged forest produced less litterfall compared to that in the Bornean primary forest. The amount of litterfall in Bornean primary forest was similar to those in the Bornean five years post-logged forest (Prasetyo et al. 2015) . This condition suggested that responses of logged forests were depended on ecological circumstances. Furthermore, specific silvicultural treatments should be designed carefully by considering forest condition.
Ecological Changes as a Response to Selective Logging
Tree communities in the unlogged forest were different from those in the logged forests. The differences were due to ecological changes caused by logging activities resulted in alteration of species composition (Arbainsyah . 2014; et al Verburg & van Eijk-Bos 2003; Lozada . 2012) , et al tree density (Decocq . 2014) , tree growth rate et al (Murdjoko 2016b ) and association patterns et al. among biotic factors, light availability, ambient moisture, temperature, soil properties and litterfall stock as abiotic factors (Murdjoko et al. 2016c) . Tree communities were formed as responses of each tree characteristics toward different ecological circumstances in logged forests. Understory and upperstory tree communities had different reactions toward ecological changes (Murdjoko et al. 2016a; Zhu . 2015b) . Therefore, there were understory et al and upperstory tree communities consisted of the same species. Tree communities consisted of seedlings and saplings stages that required more light (Karsten . 2014; Flores . 2014 ).
et al et al
This is the reason why logged forests had altered tree compositions compared to those in the primary forest. Each logged forest has different species composition of the understory tree community. Species composition of the understory tree community was different among the logged forests. Understory tree community in the one year post selectively-logged forest had very different species composition compared to those in the unlogged forest (Fig. 3) . Understory tree community in the five years post selectivelylogged forest had very different species composition compared to those in the ten and fifteen years post selectively-logged forests (Fig.  3 ). These differences in species composition were influenced by changes in environmental conditions (Corrià-Ainslie . 2015; Schnitzer & et al Walter 2013; Duah-Gyamfi . 2014) .
et al The CCA showed that understory tree community in the one year post selectively-logged forest was mainly influenced by Carbon content of litterfall. Understory tree community in the five years post selectively-logged forest was formed as a response toward dry weight of litterfall. The nitrogen content of litterfall affected the establishment of understory tree community in the ten and fifteen years post selectively-logged forests. Understory tree community in the unlogged forest was influenced by SOM content. Alterations of soil characteristics in the logged forests were caused by the change of microclimate conditions (Asase et al. et al. 2014; Imai 2012) . Logging activities were responsible for the widening canopy gap leading to the increase of light availability toward understory tree community (Schwartz 2016) . Logging activities were also responsible for the decrease of tree density causing the changes in tree growth rates (Verburg & van Eijk-Bos 2003; Cannon . 1998; Do . 2016) . These et al et al Table 4 ANOVA of CCA to analyze interactions among SOM, C content, N content, dry weight of litterfall and forest groups (unlogged, one year, five years, ten years and fifteen years post selectively-logged forests) Recovery of residual forest ecosystem: impact of selective logging - Murdjoko et al. conditions triggered space and light competitions among tree species, especially in the seedlings and saplings stages (Laurans . 2014) . et al Upperstory tree community had different patterns from the understory tree community. In the unlogged forest, species composition of understory was different from that of upperstory tree community. Conspecific association occurred in the unlogged forest. Not all species grown in the understory tree community grew in the upperstory tree community of unlogged forest (Murdjoko et al. 2016a) . Ecological condition occurred in the upperstory tree community was similar to that in the understory tree community. Trees in tropical forest experienced more diameter growth in the upperstory tree community (Zhu et al. 2015a) . Upperstory tree community in the unlogged forest had very different species composition compared to those in the five years post selectively-logged forest (Fig.  4) . However, similar species composition was observed among upperstory tree communities in the unlogged forest, one year post selectivelylogged forest, ten and fifteen years post selectively-logged forests (Fig. 4) . Tree species located in the five years post selectively-logged forest was the results of species competition caused by the change of ecological conditions. Thus, the current species were not the same as the previous species because of the duration of the ecological process. Upperstory tree community in the log ged forests showed a dynamic establishment of tree community. Each species had different growth rate as a response to logging impact (Murdjoko et al. 2016b) . Some species had higher population growth rate than others leading to higher survival rate (Murdjoko 2013; Zuidema et al. 2009 ). Although recovery process was seen to be happening in the ten and fifteen years post selectively-logged forests, the process still requires more time to reach the fully recovered stage.
Implication of Ecological Approach for Sustainable Forest Management
This study proposed an ecological approach to determine whether logged forests were recovered in fifteen years. Existing tree communities and edaphic factors, especially SOM, in the unlogged forest were used as a reference of logged forest reaching recovered condition. SOM plays an important role to support nutrient absorption in soil (Mutiso 2013) . The soil of South Papua et al. is mainly classified as Ultisols, so the characteristic of soil is infertile (Marshall & Beehler 2012) . Selective logging activities did not seem to totally change ecological condition. The logged forest was declared to be fully recovered when its conditions had reached similar condition as those in unlogged (primary) forest, especially in terms of ecological aspects such as the content of SOM, stem density and species composition. Therefore, it is imperative to set permanent sample plots in the unlogged (primary) and logged forests, to conduct intensive and persistent monitoring of ecological conditions and tree growth (Krisnawati & Wahjono 2010; Ruslandi et al. 2017a; Ruslandi et al. 2017b) . The monitoring results would be valuable as basic information to further evaluate the silviculture protocol. Useful modifications could be designed by taking ecological perspective into account.
CONCLUSIONS
Understory and upperstory tree communities formed different patterns due to logging activities. Species composition existed in the tree communities in the ten and fifteen years post selectively-logged forests were not similar to that in the unlogged forest, meaning that the logged forests were still in the recovery process. SOM content in the logged forest was lower compared to that in the unlogged forest, indicating that the logged forests were not fully recovered. These occurrences indicated that it took more than fifteen years for the logged forests to be fully recovered. Long-term studies are necessary to continuously monitor the ecological process in the logged forest in reaching the recovery stage. The recorded influential ecological factors obtained from this study can be used as indicators for logged forest recovery. 
